In order to predict deformation during line heating accurately, thermal elastic-plastic FEM with remeshing technique is developed. The model is represented by a fine mesh near the heat source and much coarser mesh around the fine area. Mesh of the model is updated with the movement of heat source, and solution variables are mapping from the old mesh to the new mesh. The analysis procedure after each remeshing step is the same as conventional method. Results of a typical line heating example show that the remeshing technique ensures the accuracy and accelerates computing speed greatly.
Introduction
Ship hull is formed by many plates with complex geometrical shape which are usually made by skillful workers with line heating. The decrease of these people and lack of new workers specializing in this area will be a problem for shipbuilding.
Research on computer aided process dates back to the last decade of 20th century and automation system for line heating has now been employed in some shipbuilding companies. It is recognized to be a much more efficient way compared with that operated by human hand. So it is necessary to predict the distortion quantitatively before performing line heating. . Simulations show that it is 10 times or more faster than conventional method when the model consists of 1 million elements. For line heating, the model grows not only in degree of freedom but also heating time period, which makes it still difficult to perform a complete heat-mechanical coupled analysis.
Adaptive mesh scheme regarding heat transfer and stress-strain analysis in welding has been reported 3) . The graded elements which connect the fine mesh and coarse mesh are employed, and mesh generation can be optimized by a posterior algorithm.
In this study, a remeshing technique is proposed for line heating on rectangular plate with arbitrary heating route. The region near the heat source is refined while the other part is modeled with a much coarser mesh, and refined region is then 
Analysis Procedures

Modeling
For line heating process, the path of heating lines is usually complicated and passes most part of the plate surface. It is very difficult to design a mesh with grid optimization like a typical welding joint. Thus a uniformly fine mesh would be the choice if the conventional TEP-FEM is employed to simulate the heat-mechanical behavior of the plate. In the remeshing model, the plate is roughly divided into three regions: (1) the strongly nonlinear region, (2) weakly nonlinear region and (3) linear region, as shown in Fig. 1 . This is reasonable with the fact that the metal will cool down to room temperature when the heat source moves away. In this study, the first region is represented by a small rectangular area with fine mesh. There are four divisions in the thickness direction but only two for other part around this area (Fig. 2) . Mesh size of the surface varies from 5mm to 50 mm through the three regions. Hexahedral iso-parametric element with eight nodes is adopted in the present study. The process of generating nodes and elements at each stage of remeshing is formulated into a code which takes into account * Received: 2012.11.28 ** Graduate student, School of Engineering, Osaka University *** Associate Professor, JWRI, Osaka University **** Professor, JWRI, Osaka University of position and orientation of heat source. 
Mapping of solution variables
It is necessary to map solution variables such as temperature, stress, strain, and displacement from old mesh to new mesh at each step of remeshing. Temperature and displacement results are calculated on nodal points while other variables on integration points. The mesh without deformation is taken as the reference system and normalized coordinate of each point in the new mesh with respect to the old mesh can be obtained by Newton-Raphson method 4) . Element shape function is employed as the interpolation function for mapping in the current study. 
Finite Element Analysis
The sequentially coupled thermal elastic-plastic FEM is performed before each step of remeshing. Gauss surface flux heat source is adopted in the thermal analysis. In order to improve the computation efficiency, automatic time increment is designed for heating and cooling process accordingly. Finite element equation
for transient temperature analysis is shown in Eq. (3):
Where After temperature history of nodes for a time period is obtained, the stress and strain analysis is then carried out. The incremental form between nodal force and displacement is given as Eq. (4):
Here, [K] is tangential stiffness matrix which depends on the mechanical property and plasticity of the material, {d } is the incremental displacement vector and {dR} is incremental nodal force vector due to residual stress and temperature increment. In this study, phase transformation behavior is neglected during mechanical analysis. The analysis of low carbon steel performed by Deng Dean 5) showed that deformation and residual stress was not influenced much by phase transformation during cooling. In addition, work hardening behavior is currently not considered for simplicity of the problem.
Numerical Examples
By the newly developed method, line heating of a flat plate is simulated. Dimension of the plate is 900mm×600mm×10mm and the material of the plate is SS400. There are 5 heating lines ( ~ ) on the top and 3 ( ~ ) on the bottom of the plate (Fig. 2) , with total length of 5034mm. Parameters of each heating path are listed in Table 1 . This heating pattern is usually employed to produce plates with saddle shape as shown in Figure 3 shows the displacement of points on line in X direction and Z direction after the first line heating is finished. It can be seen that transverse shrinkages depicted by Fig. 3(a) mostly take place at the welding zone. Results of the fine model and remesh model agree very well. From Fig. 4(b) , it is found that the angular distortions of the two models have little discrepancy.
Results of the first line heating
This slight difference comes from the mesh coarsening of part behind the heat source and also the mapping procedure since it is a linear interpolation for one element. The result suggests the reliability of remesh model in tracing the plate deformation. 
Conclusion
Based on the above study, the following conclusions can be drawn:
(1)The thermal elastic-plastic FEM with remeshing technique was developed for line heating process. A numerical example has shown that it is much more efficient compared with conventional TEP-FEM while it keeps accuracy in capturing heating deformation.
(2)Computation efficiency will be accelerated as the dimension of model increases. And speed can be further improved by optimizing the remesh process with a posterior error algorithm.
(3) The developed method can be extended to considering the water cooling effect and simultaneous pressing since it has the elastic-plastic feature.
